A.
Frequency Response Analysis
Frequency response analysis (FRA) is a powerful diagnostic technique widely used to identify internal faults within power transformers [11] . Transformer components such as windings, core, and insulation can be represented by equivalent circuits comprising resistors, capacitors, and self or mutual inductances whose values will be altered by a mechanical fault within the transformer. Thus the frequency response of the relevant equivalent circuit winding will change. Changes in transformer geometry, or in the dielectric properties of insulating materials due to aging or increasing water content, also affect the shape of the frequency response, especially the resonant frequencies and their damping [8] .
Frequency response analysis is an off-line technique in which a low voltage AC signal is injected at one terminal of a winding and the response is measured at the other terminal of the same winding with reference to the grounded tank. The FRA analyzer measures the transfer function, impedance or admittance of the winding, typically over the frequency range 10 Hz to 2 MHz, and one or all of these three properties can be used for fault diagnosis. Although the FRA equipment can be connected to the transformer in different ways [12] - [14] , end-to-end connection shown in Figure 1 is capable of detecting the main types of mechanical faults [14] .
The FRA signature is considered as a fingerprint of the transformer, which can be compared with a previous signature to detect any mechanical deformation that may have developed between the recording of the two signatures. An FRA diagnosis has also been used recently to identify winding deformations in rotating machines [13] . While the measurement procedure using commercial test equipment is quite simple, skilled and experienced personnel are required to interpret the FRA signatures and identify correctly the type and location of a fault. Although much research has been done on this topic, a reliable FRA signature interpretation code has not yet been published.
The authors of [14] subdivide the FRA frequency range as follows:
(a) the low frequency range (<20 kHz), within which inductive components dominate the transformer winding response; (b) the medium frequency range (20-400 kHz), within which the combination of inductive and capacitive components results in multiple resonances; and (c) the high frequency range (>400 kHz), within which capacitive components dominate the FRA signature [15] . These ranges and the associated fault types are summarized in Table 1 [16] , [17] .
Transformer Model and Sensitivity Analysis
Simplorer software was used to simulate the transformer model shown in Figure 2 [17]- [19] . The HV and LV windings are each assumed to consist of 10 disks. Each disk comprises a series resistance (R s ) and inductance (L s ), shunted by a capacitor (C sh ) and a conductance (G sh ). The capacitance (C HL ) between the HV and LV windings is shunted by a dielectric conductance (G HL ), and mutual inductances (M ij ) between coils i and j are included. The dielectric insulation (oil) between the LV winding and the core, and between the HV winding and the tank, is simulated by a capacitance (C g ) and dielectric conductance (G). The fault-free component values of the model given in [9] and [13] are listed in the Appendix.
In Table 2 the transformer model parameters, and the mechanical faults that influence them, are listed. Various mechanical faults can be simulated by changing relevant parameters in the transformer model. This can aid in establishing a standard code for FRA signature interpretation.
The sensitivity of the FRA signature to variation of the model parameters was investigated. In the simulation a sinusoidal excitation voltage (V in ) of 10 V and variable frequency (10 Hz to 2 
Figure 2. A 10-disk model of a transformer [17].
MHz) is connected to one winding terminal, and the response at the other terminal of the winding (V o ) is recorded ( Figure 2 ). The input-output coaxial leads used in practical measurements are represented by 50-Ω resistors (R i and R o in Figure 2 ). The transfer function TF dB = 20 log 10 |V o /V in | is plotted against frequency. Figure 3 shows the effect of ±10% changes in the capacitances C g and C sh of the HV winding on the FRA signature, compared with the base line (fingerprint) signature. Increasing C sh decreases the resonance and antiresonance frequencies, i.e., the local minimum and local maximum frequencies, respectively, with small changes in magnitude. Decreasing C sh increases the resonance and antiresonance frequencies. The same trends are observed for C g variation. It will be seen that the effect of varying C g and C sh is more pronounced at frequencies above 400 kHz. Figure 4 shows the effect of changing the self (L s ) and mutual (M ij ) inductances by ±10%. Unlike the effect of changes in C g and C sh , which appears at frequencies above 400 kHz, the effect of changes in L s and M ij commences below 200 kHz and is more pronounced close to 1 MHz. This is attributed to the fact that the amount of magnetic flux penetrating the transformer core at low frequencies is significant, so that the core characteristics affect the FRA signature at low frequency. At high frequencies the magnetic flux tends to encase the core, and the transformer capacitive components dominate the response. As shown in Figure 4 , increasing L s decreases the resonance and antiresonance frequencies, with small changes in magnitude. On the other hand, decreasing L s increases the resonance and antiresonance frequencies, again with small changes in magnitude. Opposite trends are observed when the mutual inductances M ij are changed, i.e., increasing M ij increases the resonance and antiresonance frequencies, and decreasing M ij decreases them, over the entire frequency range. Figure 5 shows the effect of increasing the HV conductance (G) by 10% on the FRA signature (a decrease in conductance, i.e., an increase in resistance, is considered unlikely for transformer insulation). As shown in Figure 5 , increasing the conductance (G) has no effect on the resonance and antiresonance frequencies. It does, however, slightly change the magnitudes of the peaks at high frequencies. This result is attributed to the very high resistance used in the simulation (7 MΩ), typical for transformer oil. The effects of ±10% variations in various electrical parameters on the FRA resonance frequencies and magnitudes are summarized in Table 3 .
Fault Analysis
To simulate physical faults within the transformer, Simplorer and Maxwell software were used to simulate a 3-D finite element model of the single-phase, shell-type transformer shown in Figure 6 . Various mechanical faults within the transformer model were simulated by changing the transformer coil configuration. The corresponding changes in the electrical parameters of the transformer model ( Figure 2) were calculated using the software. The resulting signatures were compared with the fingerprint signature.
Loss of Clamping Pressure
Loss of clamping pressure is a common problem, particularly in aged transformers. It is caused by mechanical hysteresis in pressboard and paper insulation [24] and leads to an increase in insulation conductivity because of the reduced insulation thickness between winding layers. It can be simulated by increasing the value of the shunt conductance G sh [21] . Figures 7 and 8 show the effect of a 20% increase in G sh on the FRA signatures of the HV and LV windings, respectively; the resonance and antiresonance frequencies are not shifted, but the magnitudes of the resonance peaks are decreased over the entire frequency range. The large negative spike in the HV winding signature around 200 kHz is thought to be an artifact of the software.
Inter-Disk Fault
The inter-disk fault is one of the most common mechanical faults within power transformers, and approximately 80% of mechanical failures are attributable to it [12] . It is due to changes in the axial disk space (Figure 9 ) caused by excess mechanical stress and short-circuit faults, and can be simulated by increasing the series capacitance (C sh ) and the mutual inductance (M ij ) between the two relevant disks [25] , [26] . Figure 10 shows the effect of a 10% increase in C sh and M ij on the HV FRA signature when the fault occurs at the top, middle, and bottom of the HV winding. A 10% increase in C sh and in M ij corresponds to a 10% increase in Δh, the space between the affected disks ( Figure 9 ). Figure 10 shows that this fault does not have a significant effect on the FRA signature at frequencies below approximately 300 kHz. The resonance and antiresonance frequencies above 300 kHz are decreased, and the peak magnitudes are changed. The frequency decreases are larger when the fault occurs within the top or bottom disks of the winding, rather than within the middle disks.
HV Winding Bushing Fault
This type of fault can be simulated by connecting the bushing T-circuit model shown in Figure 11 between the voltage source V in and the transformer model shown in Figure 2 [5] . The effect of a 10% reduction in bushing capacitance (from 200 pF as shown in Figure 11 to 180 pf) on the FRA signature is shown in Figure 12 . A reduction in bushing capacitance corresponds to a reduction in the breakdown voltage of the bushing insulation. As shown in Figure 12 , there is no significant change in the signature below 600 kHz, but the resonance and antiresonance peaks around 700 kHz in the fingerprint disappear.
Axial Displacement Fault
This fault occurs because of imbalanced magnetic forces generated in a winding as a result of a short-circuit fault [21] . These forces cause axial movement of the winding as shown in Figure 13 .
The fault can be simulated by changing the values of the series capacitance (C sh ) and mutual inductance (M ij ) between the HV and LV windings [27] . A 10% increase in C HL and in M ij corresponds to an axial displacement Δh approximately equal to 10% of the overall length of the winding ( Figure 13 ). Figure 14 shows that such a fault has little effect on the FRA signature below 200 kHz. In the range 200 to 400 kHz the resonance frequencies and magnitudes decrease. The resonance around 700 kHz in the fingerprint is shifted toward higher fre- quency, and its magnitude increases. These trends are independent of the direction of the axial movement.
Dielectric Leakage-Current Fault
Ground shield damage, oil and paper aging, high moisture content in the winding, and abrasion of solid insulation are the main causes of leakage current to earth through transformer insulation [28] . This type of fault can be simulated by increasing the conductance between the HV winding and the ground (G in Figure 2 ) [29] . Figure 15 shows that this fault produces small changes in peak magnitude below 200 kHz.
Short-Circuit Fault
This fault is due to erosion of the winding and conductor insulation, due to vibrations generated by electromechanical forces. The erosion may lead to excessive current in the winding [27] . The fault can be simulated by short-circuiting the series resistance, R s , and the series inductance, L s , of the HV winding (Figure 2 ) [30] . Figure 16 shows that its fault has little effect on the signature at frequencies below 200 kHz. At higher frequencies the magnitude is slightly increased and the resonance frequencies are slightly decreased. The same fault has a greater effect when it occurs at the top or bottom of the winding rather than in the middle.
Radial-Displacement Fault
Windings may be subjected to radial forces arising from the interaction of the winding current with the magnetic flux. Figure Transformer 17 shows a radial dislocation between the LV and HV windings. Large radial forces may lead to winding buckling [31] . This fault can be simulated by decreasing the capacitance to ground (C g ), the capacitance between the HV and LV windings (C HL ), and the mutual inductance (M ij ) of the affected disks [32] . A simultaneous decrease of 10% in each of these three parameters corresponds to a radial displacement Δw of the affected disks approximately equal to 10% of the diameter of the disks, as shown in Figure 17 . The FRA responses of the HV and LV windings are shown in Figures 18a and 18b , respectively. Figure 18a shows that the resonance frequencies of the HV winding are increased slightly at frequencies above 400 kHz. In the LV winding an increase occurs at frequencies above 20 kHz. Table 4 is a listing of the various fault types and their effects on the FRA signature. It could be used in the formulation of standard codes for power transformer FRA signature interpretation.
Conclusion
This paper presents a comprehensive analysis of the effects of various faults on the FRA signatures of a transformer simulated by a high-frequency model. The faults were simulated through changes in the values of some of the electrical components in the model. It was found that radial displacement of a winding alters the FRA signature over the entire frequency range (10 Hz-1 MHz), whereas changes due to axial displacement occur only at frequencies above 200 kHz. A Table listing various transformer faults and the associated changes in the FRA signature was compiled and could be used in the formulation of standard codes for power transformer FRA signature interpretation.
